In this investigation, rare earth metal oxide films were synthesized from metal complexes of ethylenediaminetetraacetic acid (metal-EDTA) by utilizing a flame spray technique. Two raw metal-EDTA powders were prepared as starting materials in order to synthesize (Y,Er) 2 O 3 films on stainless steel (SUS) substrates by a reaction that is promoted by the combustion of gaseous H 2 -O 2 . Molecularly mixed EDTA·(Y,Er)·H and mechanically mixed EDTA·Y·H + EDTA·Er·H complexes were subsequently prepared. The existence of Y 2 O 3 and Er 2 O 3 crystalline phases was confirmed for the EDTA·Y·H + EDTA·Er·H mixtures. Lamellar structures were formed on the film with a porosity of 9.5%. Alternatively, a homogenous, (Y,Er) 2 O 3 film was obtained from the EDTA·(Y,Er)·H complex, with a film porosity of 31.8%. These results indicate that uniform (Y,Er) 2 O 3 films were synthesized on SUS substrates from molecularly mixed EDTA·(Y,Er)·H powders.
Introduction
Metal-ethylenediaminetetraacetic acid (metal-EDTA) complexes are key intermediates in the synthesis of metal oxides. Some characteristics of metal-EDTA complexes include low decomposition temperatures, 1, 2) and a uniform stoichiometry that can be utilized in the design of metal-EDTA solutions.
3)
The metal-EDTA complexes are converted to metal oxides through firing in an atmosphere containing an oxidative conditions. Additionally, multiple-nuclei metal oxides are synthesized from multiple-nuclei EDTA complexes. 4, 5) For example, hollow metal oxide particles were obtained through spray drying and oxidation processes in air. 6, 7) The obtained metal oxide particles possessed a uniform stoichiometry, which was confirmed by a particle analyzing system. 8) Another example was reported by Nakamura et al., in which strontium titanium oxide (SrTiO 3 ) films were fabricated with a Sr/Ti elemental ratio of approximately 1.00.
9) The EDTA·Sr·NH 4 and EDTA·Ti·NH 4 pellets were then applied as a target in the production of the SrTiO 3 films using the laser deposition method. Therefore, the synthesis of metal oxides using a metal-EDTA complex is advantageous for easily obtaining well-organized ceramic powders with a complicated metallic composition.
Various metal oxide films were synthesized from metal-EDTA powders in a commercial flame spray apparatus. 10, 11) For example, a thick yttria (Y 2 O 3 ) film was fabricated on a stainless steel (SUS) substrate with the EDTA·Y complex in the presence of the combustion gases C 2 H 2 -O 2 12) The decomposition and oxidation of the metal-EDTA subsequently occurred, and the porosity of the films was in the range of 615%. The properties of the films varied with the species of metal ion in the metal-EDTA complex. The degree of collision of the particles at the impact to substrate is also thought to be a function of the volume and mass of the particles. Therefore, the true density of the metal oxide particles is quite significant in this process.
In this study, the molecularly mixed EDTA·(Y,Er)·H and mechanically mixed EDTA·Y·H + EDTA·Er·H complexes were utilized as the starting materials, and the formation of (Y,Er) 2 O 3 films on SUS substrates is expected from this work. There exist three potential candidates for the reactions involving metal-EDTA complexes. One expected process is the independent decomposition/oxidation for EDTA·Y·H and EDTA·Er·H complexes. The second potential process involves the preferential decomposition/oxidation of either the EDTA·Y·H or EDTA·Er·H complex. The third potential process is the simultaneous decomposition/oxidation of both the EDTA·Y·H and EDTA·Er·H. We investigated the obtained films using techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive X-ray analysis (EDX). The thicknesses and crosssectional porosities of the films were also estimated from the obtained SEM and EDX images. The reaction processes for the molecularly mixed EDTA·(Y,Er)·H and the mechanically mixed EDTA·Y·H + EDTA·Er·H complexes are subsequently discussed.
Experimental Procedure

Process and materials
We prepared raw materials via metal-EDTA route. 612) For example, the reagent used was obtained from Y 2 (CO 3 ) 3 for the preparation of crystalline EDTA·Y·H complexes. A mixture of Y 2 (CO 3 ) 3 and EDTA·4H·solution was stirred. Then, the solution with EDTA·Y·H was concentrated using an evaporator to form a slurry. The slurry was cooled to room temperature and stirred. Finally, the crystalline EDTA·Y·H was separated from the slurry using a centrifuge. Based on the protocol mentioned above, the EDTA·Y·H, the EDTA·Er·H and EDTA·(Y,Er)·H complexes (Chubu Chelest Co., Ltd.) were prepared for the synthesis of the films in this study. The molar ratio for the EDTA·(Y,Er)·H complex was Y : Er = 1 : 1. The obtained EDTA·Y·H + EDTA·Er·H materials were weighed as a 1 : 1 molar ratio, and were subsequently mixed with a commercial milling machine for 30 s. The mixed complex was then prepared through mechanical mixing. Hence, the "molecularly mixed" EDTA·(Y,Er)·H and the "mechanically mixed" EDTA·Y·H + EDTA·Er·H were prepared.
A conventional flame spray apparatus consisting of a feed unit (5MPE, Sulzer Metco) and a spray gun (6P-II, Sulzer Metco) was used to carry out the reactive spraying. This equipment is used commercially for flame spraying, and typically deposits metal films with an acetylene flame. The mixture was then placed into the feed unit and transported by a N 2 gas flow to the spray gun, and the vibrator in the feed unit was then turned on. The carrier gas flow rate was 7.1 L/min. A mixture of H 2 and O 2 at flow rates of 32.6 and 43.0 L/min, respectively, was used as the flame gas. The EDTA·(Y,Er)·H and the EDTA·Y·H + EDTA·Er·H powders were mixed with the flame and reacted with O 2 after the thermal decomposition of EDTA. The reacted particles were then sprayed onto a SUS substrate (SUS304, 30 mm © 50 mm © 1 mm) that was previously sand-blasted by #60 alumina particles (99.7% pure, 212250 µm particle size, Fuji Manufacturing Co., Ltd.), resulting in the deposition of a metal oxide film. The stand-off distance (a distance between the spray gun and the substrate) was 150 mm. Gun traverse rate was 50 mm/s. The spray nozzle was moved in a longitudinal direction, and the duration of the deposition to go through whole substrate was approximately 6 s/scan without pre-heating the substrate. The total duration of the deposition was 24 s for total spraying time. An interval duration of approximately 30 s was set for each spray scan.
Evaluation method
XRD (M03XHF22, MAC Science Co., Ltd.) was conducted with Cu K¡ radiation in order to observe the crystal structure. The surface and cross-sectional morphologies of the films were observed by performing field-emission scanning electron microscopy (FE-SEM, JSM-6700F, JEOL). The elements contained in the sample, and their distributions, were estimated by performing energy-dispersive X-ray (EDX) spectroscopy, combined with FE-SEM. Film thicknesses and cross-sectional porosities for the obtained samples were estimated by using ImageJ software (available for free at http://rsbweb.nih.gov/ij/).
Results and Discussion
We prepared EDTA·(Y,Er)·H and EDTA·Y·H + EDTA·Er·H complexes as starting materials. From surface SEM observation, the morphologies of the two complexes are quite different, as shown in Fig. 1 . The mechanically mixed EDTA·Y·H + EDTA·Er·H complex consists of an aggregation of rectangular parallelepipeds ( Fig. 1(a) ). The powder was simple mixture of the particle containing Y or Er based complex (Fig. 1(b) ). Alternatively, the aspect ratio of the molecularly mixed EDTA·(Y,Er)·H complex was higher than the aspect ratio of the mechanically mixed EDTA·Y·H + EDTA·Er·H complex (Fig. 1(c) ). Each particle contains both of Y and Er based complexes ( Fig. 1(d) ).
Therefore, the elemental distributions in the raw metal-EDTA complexes were quite different.
A photograph of the two metal oxide films fabricated on the SUS304 substrates is shown in Fig. 2 . For the deposition of the Y 2 O 3 and Er 2 O 3 films on SUS substrates, the colors of these films were white and pink, respectively. 12) This result implies that the color of obtained films would be a blend of the colors of these films, which is referred to as magnolia. The color of obtained metal oxide films is in fact magnolia, which is thought to be derived from the color of the raw metal-EDTA powders. Figure 3 displays the SEM of the film surfaces, and the elemental mapping images of the obtained films for the EDTA·Y·H + EDTA·Er·H and EDTA·(Y,Er)·H complexes. For the mechanically mixed EDTA·Y·H + EDTA·Er·H complex ( Fig. 3(a) and Fig. 3(b) ), the powder was simple mixture of the particle containing Y or Er based complex. Mixture of the metal oxide particles was observed. The mixture was synthesized from Y or Er based complex. Particularly, the flat morphology of the obtained particles with the Er count was confirmed in the film. Alternatively, each particle was contained both of Y and Er atoms counts for molecularly mixed EDTA·(Y,Er)·H complex (Fig. 3(c) and Fig. 3(d) ). The existence area of elemental amounts was equal for both Y and Er. The elemental distributions of the obtained metal oxide films varied according to the mixing procedure for the raw metal-EDTA complex. In a previous study, the metal species in the raw metal-EDTA complex changed the particle behavior during the reaction process. 12) Therefore, these results implied that the formation of the obtained metal oxide films would be different between the mechanically mixed EDTA·Y·H + EDTA·Er·H complex and the molecularly mixed EDTA·(Y,Er)·H complex.
The cross-sectional morphology and elemental distribution were observed by conducting SEM and EDX analyses. Figure 4 displays the cross-sectional SEM and elemental mapping images for the obtained films of the EDTA·Y·H + EDTA·Er·H and EDTA·(Y,Er)·H complexes. An average thickness of 12.6 µm was reported for the film synthesized on the SUS substrate with mechanically mixed EDTA·Y·H + EDTA·Er·H complex. The estimated crosssectional porosity was 9.5%. The sample was contained Y or Er atom from cross-sectional observation, and the lamellar elemental distributions of Y and Er atoms were confirmed. Alternatively, the sample was contained both of Y and Er atoms in the film obtained from the molecularly mixed EDTA·(Y,Er)·H complex, and an average thickness of 21.6 µm was reported for the film synthesized on SUS substrate. The estimated cross-sectional porosity was 31.8%. The estimated film thickness and porosity varied according to the mixing procedure of the raw metal-EDTA complex. From observed microstructures in obtained films, the decomposition/oxidation processes for these complexes would be depended on their preparation method. These phenomena were different from established thermal spray techniques. In established techniques, collision energy of flying particles to the substrate during deposition is one of key factors for determining film's microstructure. 13, 14) Identification of the crystalline structure of the obtained films was conducted by XRD measurements. Figure 5 displays the XRD profiles at 1080°of the two films deposited on SUS substrates. Diffraction peak splitting was observed in the deposited film containing the EDTA·Y·H + EDTA·Er·H complex. Alternatively, splitting was not observed in the deposited film containing the EDTA·(Y,Er)·H complex. Next, the peak assignments for the films were performed using ICDD cards. The XRD profiles at 3035°of the two films deposited on the SUS are shown in Fig. 6 . The existence of three crystalline structures®Er 2 O 3 with monoclinic (ICDD card No: 01-077-6226), Er 2 O 3 with cubic (ICDD card No.: 00-008-0050), and Y 2 O 3 with cubic systems (ICDD card: 00-041-1105)®were confirmed for the film obtained from EDTA·Y·H + EDTA·Er·H. In a previous study, cubic Er 2 O 3 films were synthesized using the atomic each possess a different mass and velocity, based on the characteristics of the raw material (particle sizes, shapes, densities and so on). The attainment duration to the SUS substrate for these flying particles depended on the oxide species. Therefore, a lamellar structure layer of Y 2 O 3 and Er 2 O 3 was formed from the mechanically mixed EDTA·Y·H + EDTA·Er·H complex. Alternatively, the formation of a uniform (Y,Er) 2 O 3 layer was obtained from the EDTA·(Y,Er)·H complex in an H 2 -O 2 flame. After the decomposition and oxidation processes of the EDTA·(Y,Er)·H complex, the flying particles of (Y,Er) 2 O 3 produced a porous metal oxide layer with the EDTA·(Y,Er)·H complex. These results indicate that a uniform multi-metal oxide layer was synthesized from the multiple-nuclei EDTA·(Y,Er)·H complex. Additionally, these results suggest that the metal oxide layer structures are controlled by the combination methods of the metal ions and the metal complex.
Conclusion
Metal oxide films containing multiple nuclei were synthesized on a SUS substrate with two forms of metal-EDTA complexes. Molecularly mixed EDTA·(Y,Er)·H and mechanically mixed EDTA·Y·H + EDTA·Er·H complexes were subsequently prepared. The inhomogeneous, lamellar structures of Y 2 O 3 and Er 2 O 3 with 9.5% film porosity were synthesized on SUS substrate by the EDTA·Y·H + EDTA·Er·H complexes. Alternatively, the homogenous, (Y,Er) 2 O 3 crystalline phase based on Y 2 O 3 -Er 2 O 3 system with a porosity of 31.8% was synthesized on the SUS substrate. Therefore, the formation of a (Y,Er) 2 O 3 crystalline phase was carried out by the molecularly mixed EDTA·(Y,Er)·H powder.
